Abstract: Taiwan's National Health Insurance Research Database (NHIRD) exemplifies a population-level data source for generating real-world evidence to support clinical decisions and health care policy-making. Like with all claims databases, there have been some validity concerns of studies using the NHIRD, such as the accuracy of diagnosis codes and issues around unmeasured confounders. Endeavors to validate diagnosed codes or to develop methodologic approaches to address unmeasured confounders have largely increased the reliability of NHIRD studies. Recently, Taiwan's Ministry of Health and Welfare (MOHW) established a Health and Welfare Data Center (HWDC), a data repository site that centralizes the NHIRD and about 70 other health-related databases for data management and analyses. To strengthen the protection of data privacy, investigators are required to conduct on-site analysis at an HWDC through remote connection to MOHW servers. Although the tight regulation of this on-site analysis has led to inconvenience for analysts and has increased time and costs required for research, the HWDC has created opportunities for enriched dimensions of study by linking across the NHIRD and other databases. In the near future, researchers will have greater opportunity to distill knowledge from the NHIRD linked to hospital-based electronic medical records databases containing unstructured patient-level information by using artificial intelligence techniques, including machine learning and natural language processes. We believe that NHIRD with multiple data sources could represent a powerful research engine with enriched dimensions and could serve as a guiding light for real-world evidence-based medicine in Taiwan.
Introduction
Aging populations with increasing medical expenditures will challenge health care systems worldwide, with Taiwan being no exception. 1 However, some opportunities are present to address such a challenge. For example, Taiwan's National Health Insurance Research Database (NHIRD) exemplifies a population-level data source for health care research, generating evidence to support clinical decisions [2] [3] [4] [5] and health care policy-making. 6 With the fast advent and uptake of data science technology, Taiwan's NHIRD can serve as a foundation for big data analysis and the procurement of real-world evidence. By adopting cost-effective evidence-based interventions, it is possible to improve patients' outcomes without increasing financial pressure on the health care systems.
information on disease severity, and unmeasured confounders. 8 One way to address those limitations is by linking with other nationwide databases, such as cause of death registry, disease/medication surveillance data, so as to obtain additional external data not available in the primary database. 9 However, privacy issues regarding disclosure of patients' identification while linking different databases raise additional concerns. Recently, Taiwan's Ministry of Health and Welfare (MOHW) established a Health and Welfare Data Center (HWDC), a data repository site that centralizes the NHIRD and other health-related databases (eg, National Health Interview Survey) for data management and analyses. Several analytical approaches and policies have been developed to ensure the privacy and safety of data. Thus, the HWDC may become a solid foundation for studies utilizing NHIRD and other databases.
In this review, we will introduce the NHIRD through its history, and describe how it will be integrated with other databases in the HWDC. We address the strengths and limitations of the previous NHIRD studies and propose possible methodological solutions. To conclude, we offer our visions about the HWDC for facilitating highquality big data analysis and biomedical research.
Current status of NHIRD use

Content/accessibility
On March 1, 1995, Taiwan launched a single-payer mandatory enrollment National Health Insurance (NHI) Program. Starting in 2002, Taiwan's National Health Research Institutes (NHRI) established and continue to maintain NHIRD for public research purposes. Up to 99.99% of Taiwan's population are enrolled under this program. 10 The NHIRD, derived from claims data of NHI beneficiaries, can thus illuminate the disease burden and health care process of the entire Taiwanese population. The information contained in NHIRD is stored in different datasheets, including registry for beneficiaries, ambulatory care claims, inpatient claims, prescriptions dispensed at pharmacies, registry for medical facilities, and registry for boardcertified specialists. These datasheets can be linked with individual personal identification numbers (PINs) to provide patient-level information on demographic characteristics for research.
Before 2016, the International Classification of Diseases, Ninth Edition, Clinical Modification (ICD-9-CM) was used for recording diagnosis in NHIRD, and the Tenth Edition (ICD-10) has been used since 2016. A specifically developed system, the NHI Drug Codes, was used to record medications dispensed. Because this drug coding system is not structured hierarchically, many researchers have mapped the codes to other international coding systems such as the WHO Anatomical Therapeutic Chemical Classification System (ATC code) while carrying out their studies.
In studies involving data derived from human subjects, privacy and data confidentiality are of the utmost concern.
11 To protect the privacy of patients, the NHRI has encrypted the names of patients, health care providers, and medical institutions with unique and anonymous identifiers. If necessary, investigators can use these identifiers for file linkage within the NHIRD data centers. The NHRI also has other restrictions on accessing the database. For example, every applicant seeking to use NHIRD must be a researcher or clinician from a university, research institute, or hospital, and the use of the data must be for research purposes only. All applications are to be reviewed by peer experts to ensure the rationality of the use.
Researchers must follow the Computer-Processed Personal Data Protection Law and related regulations in Taiwan, and sign an agreement declaring that no attempt will be made to retrieve information potentially violating the privacy of patients or health care providers. Notably, a NHIRD study did not need an approval from the Institutional Review Board (IRB) prior to 2012. Because this might be considered a major problem in terms of ethical issue while using database for a clinical study, after 2012, applicants must receive an approval from the IRB before requesting access to the NHIRD for studies. Beyond the protective strategies aforementioned, the NHRI has also restricted the amount of data requested by researchers to ≤10% of Taiwan's population. That means a researcher can only request data for up to about 2.3 million individuals. Researchers therefore should consider the disease prevalence and sample size before applying for a data-cut of NHIRD. For highly prevalent diseases (eg, diabetes mellitus), where the number of cases may be >2.3 million, investigators will need to consider a random sample selection from the entire diabetic cohort in the NHIRD. In addition to diseasespecific databases, the NHRI also provides three Longitudinal Health Insurance Databases (LHID2000, LHID2005, and LHID2010) which randomly sampled 1 million beneficiaries from the original NHIRD in the years 2000, 2005, and 2010, respectively. The LHIDs contain the most updated claims data of sampled individuals since 1997. The representativeness of LHIDs has been validated by NHRI.
Utilization
The representativeness and comprehensiveness of the NHIRD make it a good source for generating population-based evidences to support decisions. 13 In addition, the NHIRD provides opportunities for international collaborative study to compare differences between countries and races in health care, treatment, and outcomes. Several international multidatabase studies that included NHIRD have been published. [14] [15] [16] [17] The NHIRD has also become one of the core data resources of the Asian Pharmacoepidemiology Network (AsPEN) for conducting international comparative studies. AsPEN is an international initiative to support international study in Asia. Details of the AsPEN are described elsewhere.
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HWDC: opportunity for big data analysis
Although the NHIRD is well managed by governmental department, the use of the NHIRD for health care studies and the ownership of the data have recently aroused fervent discussions. Some civil groups have even filed lawsuits against the use of the NHIRD by the MOHW due to data privacy concerns. While the final verdict of the courts has not forbidden the use of the NHIRD, the debate on the legal aspects of the NHIRD is still ongoing.
To further strengthen the protection of health data, the MOHW of Taiwan has created large data repositories, the HWDC, and centralized health databases from different departments such as Taiwan's Center for Disease Control. The HWDC manages those databases, including the NHIRD, under tight supervision. Since November 2015, researchers are required to visit an HWDC to perform onsite analysis after accessing HWD through remote connection to MOHW servers. No electronic devices may be brought into a center, and individual-level data are forbidden to be taken out. All analysis results to be brought out from a center must be reviewed by data custodians to prevent any disclosure of patient identity.
Although the tight regulation of on-site analysis has led to inconvenience for analysts and has increased time and costs required for research, the HWDC has created opportunities for enriched dimensions of study by linking across the NHIRD and other databases. Currently, the HWDC contains more than 70 databases, which can be classified into two categories:
(A) Linkable health care databases: The databases can be linked to each other within HWDC by using PINs, such as NHIRD and National Health Interview Survey, etc.
(B) Released health care databases: The databases can be accessed outside HWDC, but these databases are de-identified and cannot be linked to other databases.
The detailed characteristics of the databases centralized in the HWDC are publicly accessible on its official website. 19 We summarized the information in Table 1 .
Because the NHIRD provides population-based samples, it can be employed as the core data source to link with other databases by using the unencrypted PINs. For example, we are able to use PINs to link the NHIRD with the National Health Interview Survey, to acquire more details such as the socioeconomic status and lifestyle behaviors of a patient. Additionally, we might be able to use the PINs of health care providers to link the NHIRD with the registry of certified specialists to acquire the characteristics of healthcare providers, or use the identification numbers of hospitals to link between the NHIRD and facility databases to obtain additional data. Figure 1 is a schematic presentation of the cross-linkage between databases within the HWDC. By combining multiple databases, a researcher is able to access more variables than those available in the NHIRD, such as physical examination results, laboratory data, stage of cancer, level of disability, quality of life, body mass index, smoking, marital status, education, household income, etc. Such information can vastly improve the quality and capacity of research. For example, because the Taiwan Cancer Registry includes both clinical staging and pathologic staging developed by the American Joint Committee on Cancer, while we link the NHIRD to the Taiwan Cancer Registry, it is possible to acquire the stage information to determine cancer status and therapy for oncologic studies. NHIRD is only available for on-site analysis after 2016 for the protection of personal information. The protection on personal data although inconvenient to the researchers, nonetheless is a valid one. The restriction meant to strike a balance between protecting privacy data and generating scientific evidence to benefit the society. Currently, only researchers who are Taiwanese nationals can have direct access to data. Foreign researchers, however, have always been welcomed to collaborate on NHIRD-based research, which is attested by several publications. Currently, we are also developing other approaches that would allow analyzing the data without compromising data privacy, such as using the distributed network approaches with common data model. 20 In the near future, more nationwide surveillance databases and hospital-based electronic health databases are expected to be included in the HWD. With the continuing increase in the volume and quality of data and the quick advancement of analytic tools, stakeholders and researchers are likely to bear greater responsibility to maintain the ethical and legal requirements when accessing the data.
External criticism Fishing expedition
Although a health care study might not always be driven by hypothesis, it is undeniable that the advances in computer techniques and the relatively lower cost of database maintenance have led to a considerable amount of "fishing expedition" studies, which might be of disservice to health care big data research. For example, Hampson et al indicated that some researchers may misuse NHIRD to "produce" papers en masse by applying templates, without due consideration of the essence of scientific research. 21 Such misconduct could damage the credibility of both the database and the research based on database. This issue also reminds us again that, although every study should meet all the requirements of a scientific inquiry, database-driven studies should be held to an even higher standard because of the greater potential for bias in observational studies. 22, 23 Health data researchers in Taiwan should work with the government to develop methods to remedy this problem and reestablish the credibility of NHIRD-based research.
Validation
Like all electronic health databases, coding errors and purposely "upcoding" could be a problem of NHIRD. For example, to avoid refusal of reimbursement by the NHI, health care providers might resort to upcoding the diagnoses to more severe ones. Misclassification bias may thus become an issue if those diagnosis codes have not been properly validated. Although large data sets could potentially overcome this problem, the real impact of the incorrect coding awaits further elucidated. Same as other health care databases, researchers need to be mindful about the problem, and apply various strategies to improve data accuracy. For example, one might use stricter definition to increase the accuracy of diagnosis, such as only including patients who have had more than two records of the targeted diagnosis or those who have also been prescribed with related medications. Other efforts to ensure data validity including algorithms developed to identify targeted diagnosis and treatment by applying multiple criteria, and Table 2) . Most of the validated diagnosis codes are for some common conditions or severe diseases, and with modest to high sensitivity and positive predictive values (eg, epilepsy, 24 ischemic stroke, 25 hypertension, diabetes, hyperlipidemia, fibrillation, 26 all cancer, 27 etc.). Notably, ICD-10 diagnosis codes adopted after the year 2015 in the NHIRD have not been validated yet. Furthermore, under the NHI program, patients with severe illnesses can apply for catastrophic illness certification, so as to be exempted from certain NHI payments and copayments for each health care encounter. All applications for catastrophic illness certification are reviewed by experts, and therefore the diagnosis can be considered highly accurate; hence, the catastrophic illness file has been used for case ascertainments in respective research.
Ways to deal with unmeasured variables
Important but unmeasured variables are another important issue for NHIRD studies. For example, indicators for disease severity are lacking in the NHIRD. This may lead to biased estimates of relationships, since disease severity at the baseline is among the most important confounding factors in healthcare research. The term "confounding by indication" describes the situation that the treatment indicated for a patient is not a random process, but rather is a consideration based on the baseline severity of the illness; 28 since baseline severity invariably also affects the outcome, it is difficult to isolate the real treatment effect without adjusting for the baseline severity. An example of confounding by indication is the comparison of gastrointestinal bleeding risk between cyclooxygenase-II selective nonsteroidal anti-inflammatory drugs (NSAIDs) and nonselective NSAIDs. 29 Because the selective NSAIDs may have fewer gastrointestinal side effects, clinicians are more likely to prescribe selective NSAIDs for patients who already have a higher baseline risk of gastrointestinal bleeding, resulting in a biased and unfavorable risk profile of the group receiving selective NSAIDs. Although some unmeasured or unavailable variables of the NHIRD could probably be obtained through the linkage with external databases in the HWDC, at times, a linkage is not possible and/or the data are simply not stored in digital format. Methodological and statistical approaches have been developed to address this issue, such as the instrumental variable method. 30 Another method is to use self-controlled crossover design to control for time-constant confounders. 31 Active comparator design, instead of placebo-controlled, may help to eliminate the confounding effects if the unmeasured confounders are balanced between groups. Propensity score methods, including propensity score calibrations, twostage calibration, and high-dimensional propensity score have also been used to reduce the potential confounding effects. [32] [33] [34] However, none of the methods is applicable or For example, the SSI for a patient who stayed in a general ward, and received bacterial sensitivity test and urinary catheterization during the stay would be 7.1254 (ie, 1.3642+1.6569-5.5761+9.6804). Subsequently, the SSI can be transformed into an "estimated NIHSS" (eNIHSS) by calibrating against the updated stroke registry data and the modified Rankin Scale for stroke. The eNIHSS has been validated in both acute ischemic stroke 36 and intracerebral hemorrhage, 37 and has been used to provide better case-mix adjustments for stroke outcome studies. [38] [39] [40] Transformation of SSI to eNIHSS can be done with the following equations:
Ischemic stroke : eNIHSS ¼ 1:1722 Â SSI À 0:7533
To facilitate the use of eNIHSS for stroke study with NHIRD, we also created an easy to use online tool for researchers to easily evaluate the stroke severity when standard severity data are not available. 41 Users of such proxy measures do not need to cross-link multiple databases that may or may not offer a severity score; therefore, the method could reduce concerns of data privacy.
Visions and summary
We provide our visions for the improvement of big data analysis in health care research. First, there is a lag time of about 2 years in the availability of NHIRD data, which may diminish the possibility of timely assessments and efficiency of analysis derived from the NHIRD to support policy-making and clinical decisions. Regulators and researchers should figure out better ways to generate more real-time data. The HWDC in Taiwan should also proactively advocate efforts to obtain critical information not available in any of the current databases. We should also simplify all administrative procedures and employ efficient analytic methods to provide a better environment for research. Additionally, we should focus on education and training programs in the use of databases, incorporating the required epidemiological and statistical knowledge in order to cultivate more young researchers.
Despite the large volume of data in the HWDC, nearly all are structured data. However, data generated from routine clinical practice may exist in unstructured forms, such as clinical notes in electronic medical records (EMRs), waveforms from physiological monitors, and radiological images. The plethora of patient information in unstructured clinical notes may be a valuable data source for clinical research, even though this kind of data is less amenable to manipulation and utilization. Artificial intelligence techniques, including machine learning and natural language processing (NLP), may be used to process unstructured free text and draw conclusions to support clinical practice. 42 For example, algorithms using NLP techniques have been found to be advantageous over methods using disease codes in identifying cases with specific diagnoses from discharge summaries. 43 NLP techniques have been applied to extract meaningful information from EMRs to facilitate timely decision-making in intravenous thrombolytic therapy for acute ischemic stroke. 44 In the era of artificial intelligence, our next step is to combine structured databases including the NHIRD with unstructured data sources. In Taiwan, with the development of the Taiwan Electronic Medical Record Template, 45 EMR systems have been widely used in almost all hospitals for routine clinical work. A large number of EMRs are generated and accumulate during everyday patient care. Furthermore, a national EMR exchange system has been set up to provide sharing and exchange of EMRs between health care facilities. 46 Databases from this EMR exchange system can be incorporated into the data repository of the HWDC, offering researchers a very comprehensive database from which to distill more knowledge. Based on our successful experience with NHIRD, we hope that HWDC can someday transform from a data inventory warehouse into a powerful research engine, which can combine the data from different sources to serve as a guiding light for real-world evidence-based medicine in Taiwan. 
